INTRODUCTION {#SEC1}
============

Eukaryotic ribosome biogenesis is a highly complex process initiated in the nucleolus within a large macromolecular complex, the SSU-processome or 90S pre-ribosomal particle ([@B1]). Production of the 40S and 60S subunits follows two independent pathways. It begins with the transcription by RNA polymerase I of a pre-ribosomal RNA (pre-rRNA) containing the 18S, 5.8S and 25/28S ribosomal RNA (rRNA) sequences (35S pre-rRNA in *Saccharomyces cerevisiae*). An ordered series of endo- and exo-ribonucleolytic cleavages then generates the mature rRNAs. Here, we focus on the model organism *S. cerevisiae*. However, as pre-rRNA processing is highly conserved from yeast to human, insights gained in this study are of general interest.

In yeast, the 35S pre-rRNA is initially cleaved at sites A0, A1 and A2. This generates the 20S pre-rRNA, a precursor to the 18S rRNA, and the 27SA2 pre-rRNA intermediate, a precursor to the 5.8S and 25S rRNAs ([@B2],[@B3]). The released 20S pre-rRNA is assembled into pre-40S particles, while pre-60S particles assemble on the 27S pre-rRNA. Early during this maturation process, the pre-rRNA is 2′-*O* methylated and pseudouridylated at many positions by small nucleolar ribonucleoprotein particles (snoRNPs). Box C/D snoRNPs generally catalyze ribose 2′-*O*-methylation and contain a small nucleolar RNA (snoRNA) together with four core proteins Snu13, Nop56, Nop58 and Nop1 ([@B4]). In contrast, the U3 box C/D snoRNP lacks a known role in RNA methylation but is essential for pre-rRNA cleavage at sites A0, A1 and A2 ([@B9],[@B10]). Compared to other box C/D snoRNPs, the U3 snoRNP also contains an additional protein, designated Rrp9 in yeast and U3-55K in humans ([@B11]), which is required for A0, A1 and A2 cleavages ([@B12]).

U3 is highly conserved and strongly expressed throughout eukaryotes, including human cells ([@B16],[@B17]). Similar to other box C/D snoRNAs, U3 contains two 'C/D like' motifs, named the C'/D and B/C motifs, each forming a K-turn structure recognized by Snu13 ([@B18],[@B19]). While the C'/D motif binds the canonical set of box C/D proteins ([@B15],[@B18]), the B/C motif additionally recruits the specific Rrp9 (yeast) or U3-55K (human) protein ([@B11],[@B20],[@B21]). Rrp9 and U3-55K each contain a WD40 domain ([@B11]), comprised of seven WD repeats folded into a β-propeller structure ([@B22]). WD40 domains generally participate in protein--protein interactions and the SSU-processome contains several proteins of this family ([@B25]). Compared to other C/D snoRNAs, U3 has a long 5′-terminal region (72 nts in yeast). This protrudes from the C'/D box core region ([@B10]) and has been the subject of a large number of functional analyses ([@B9],[@B10],[@B17],[@B28]). The U3 5′-terminal sequence was proposed to form five evolutionarily conserved base-paired interactions with the pre-rRNA, designated as helices I, II, III, V and VI (Figure [1](#F1){ref-type="fig"} top) ([@B9],[@B10],[@B28],[@B30],[@B34]).

![Previous and new models for the yeast U3 snoRNA/pre-ribosomal RNA interaction. (Top) The 5′-terminal sequence of U3 snoRNA was previously proposed to form five base-pair interactions with the pre-rRNA. They were respectively designated as helices I, II, III, V and VI in yeast ([@B9],[@B10],[@B28],[@B30],[@B34]). (Bottom) Based on cryo-EM studies, an alternative model including three of the previously proposed interactions (helices II, V with an extension represented in red and VI) and an alternative helix III (represented in red) was established ([@B40],[@B44]).](gkaa066fig1){#F1}

The U3 snoRNP is needed for assembly of the SSU-processome ([@B1]), which contains more than 70 proteins and coordinates pre-rRNA processing, RNA modification and pre-ribosome assembly ([@B1],[@B7],[@B9],[@B28],[@B29],[@B34],[@B37]). Published SSU-processome structures include the U3 snoRNP with Rrp9 ([@B24],[@B40]). The two specific features of the U3 snoRNPs, namely, the specific Rrp9 protein and the extended U3 snoRNA 5′-terminal sequence are expected to contribute to the specific activity of the U3 snoRNP within the processome. However, while the U3 5′ region is located in the vicinity of the pre-rRNA cleavage sites (Figure [1](#F1){ref-type="fig"}), this is not the case for Rrp9. Moreover, some SSU-processome proteins remain unmapped, including Rrp36 and Sgd1 for which no 3D structures are established ([@B46]). In consequence, the protein densities visualized around Rrp9 have not yet been identified ([@B46]), indicating the need for further analyses. In addition to snoRNPs, various protein sub-complexes participate to the SSU-processome (including UTP-A/t-UTPs, UTP-B, UTP-C and the Mpp10 complex) ([@B41],[@B45],[@B50]). The U3 snoRNP is incorporated together with the UTP-B complex, after UTP-A complex formation onto the pre-rRNA. The UTP-C complex and protein Rrp5 are associated in a parallel pathway ([@B52],[@B53],[@B55]).

Based on phylogenetic analysis, yeast genetics experiments, *in vivo* chemical probing in yeast and Xenopus oocyte microinjections, a structure including five base-paired interactions formed between the 5′ region of U3 and pre-rRNA sequences in the 5′-ETS and 18S segments has been proposed. Ordered from the 5′ end of U3, these are designated III to I, V and VI, and are separated by spacer regions designated 1--4 (Figure [1](#F1){ref-type="fig"}, top). In this model, helices V and VI are formed with the 5′-ETS region of the pre-rRNA and these were shown to be essential for cleavages at sites A0--A2 by compensatory mutation assays ([@B9],[@B10],[@B30]). Helices I, II and III were proposed to base-pair with 18S rRNA segments implicated in formation of the central pseudoknot, a long-range interaction essential for 40S subunit function ([@B56],[@B57]). Helix VI binds the trimeric Mpp10--Imp3--Imp4 complex, which is also needed for cleavages at sites A0, A1 and A2 ([@B10],[@B30],[@B58]). Imp3 functions to open internal structures in U3 and the pre-rRNA to facilitate intermolecular helix II formation ([@B62],[@B63]). The functional importance of helix II could be demonstrated by compensatory mutations ([@B29],[@B34]), but this could not be done for helices I and III. However, U3 mutations expected to block formation of helices II as well as helix III prevent cleavage at sites A1 and A2 but not A0, leading to accumulation of the aberrant 22S RNA cleaved at sites A0 and A3 ([@B28],[@B29],[@B34]). The U3 segments forming heterologous helices are separated by linker segments. Previous analyses in yeast and *Xenopus laevis* oocytes highlighted possible roles of these segments in pre-rRNA processing ([@B28],[@B31],[@B32]), and we therefore also performed functional analyses on these regions.

Cryo-EM structures from *S. cerevisiae* and *Chaetomium* confirmed the occurrence of helices V, VI and II in the SSU-processome. However, helix V appeared to be more extended than anticipated and an alternative form of helix III was proposed, while helix I was not detected ([@B24],[@B44]) (Figure [1](#F1){ref-type="fig"}, bottom).

Here, we determined the functional interactions between Rrp9, other SSU-processome components and the 5′-terminal region of U3 in yeast pre-rRNA processing. The results identified a crucial amino acid at the surface of the Rrp9 β-propeller, a protein--protein interaction network and roles for key segments of the U3 5′-terminal region. Based on these results and re-analysis of cryo-EM structural data, we propose a new model for U3 binding to the yeast pre-rRNA.

MATERIALS AND METHODS {#SEC2}
=====================

Plasmids {#SEC2-1}
--------

The pACT2, pGBKT7 and pAS2 plasmids (Clontech) were used for the two-hybrid assays. Plasmid pG1::protA (Addgene) was used to clone Rrp9 mutants with a N-ter Protein A (ProtA) tag. As previously described, the U3 snoRNA variants produced by site-directed mutagenesis were cloned into the pASZ11 plasmid to produce pASZ11::snoRNA U3A variant plasmids ([@B10],[@B28]). The pDONR™ 207, pDONR™ 221, pDEST™ 15 (GST-tag) and pDEST™ 17 (6-His-tag) plasmids were used to clone SSU-processome proteins or proteins sub-domains using the GATEWAY technology (Invitrogen). Plasmids pnEA-3CH (6-His-tag) and pnCS ([@B64]) were modified to become compatible with the GATEWAY cloning technology (Invitrogen). Detailed plasmids information is available upon request.

Strains used and growth conditions {#SEC2-2}
----------------------------------

The *S. cerevisiae* W303 strain (Mata *trp1*-Δ63; *his3*-Δ200; *ura3*--52; *lys2*--801; a*de2*-- 101; *leu2*-Δ1) was used to generate the *S. cerevisiae* W303-pGal-Rrp9 strain needed to test the functionality of mutated forms of Rrp9. In this strain, the *S. cerevisiae* galactose promoter was inserted upstream of the endogenous *Rrp9* ORF, so that endogenous Rrp9 is only expressed if Galactose is present in the medium.

In the *S. cerevisiae* JH84 strain (Mata snr17a.Gald:URA3 snr17b::LEU2 his3 ade2 can1) ([@B7],[@B28]), the endogenous U3A snoRNA is only expressed in the presence of Galactose, while the U3B snoRNA is not expressed at all. This strain was used to generate the *S. cerevisiae* JH84-pGal-Rrp9, using the same approach as for the W303-pGal-Rrp9 strain. This new strain can be used to test the functionality of mutated yeast U3 snoRNAs in the presence of the Rrp9 R289 mutant, as both endogenous Rrp9 and U3 snoRNA are only expressed in the presence of Galactose, and repressed in the presence of glucose.

One colony of transformed yeast cells was pre-cultured in 10 ml of YPG medium (10 g/l yeast extract, 20 g/l bactopeptone, 2% galactose) for 48 h at 30°C under shaking. From the saturating pre-culture, a culture was launched by inoculating 50 ml of YPD medium (10 g/l yeast extract, 20 g/l bactopeptone, 2% glucose) at 0.1 A~600nm~/ml, and incubation at 20, 30 or 37°C until the culture reaches an A~600nm~/ml comprised between 0.5 and 0.8 (for 8 h on average at 30 and 37°C, and 24 h at 20°C). Cells were then diluted at 0.1 *A*~600 nm~/ml in 100 ml (30 and 37°C cultures) or 200 ml (20°C cultures) of YPD medium and grown over night at the respective temperature. After 24 h, depending on the strain considered, endogenous U3 and/or endogenous Rrp9 were not detectable anymore.

Test of U3 snoRNA variants functionality {#SEC2-3}
----------------------------------------

The *S. cerevisiae* strain JH84 was transformed with plasmid pASZ11 ([@B65]) or its derivatives using the Li-acetate method ([@B66]). Selection of transformants was made on minimum medium plates. Recombinant JH84 cells grown in liquid medium, as described above, were spread on YPD plates. Growth was tested at three temperatures (20, 30 and 37°C). Sizes of colonies were examined after 48 h of incubation at 30 and 37°C, or after 72 h of incubation at 20°C.

PCR mutagenenesis of Rrp9 {#SEC2-4}
-------------------------

A 50 μl incubation mixture made up in Pfu DNA polymerase buffer (ThermoFisher Scientific), containing 200 ng of plasmid to be modified, 2.5 U of Pfu DNA polymerase (ThermoFisher Scientific), 0.2 mM of dNTPS and 40 nM of each of the two overlapping complementary mutagenesis primers was used for PCR amplification using the following incubation conditions: 96°C for 10 min; 30 cycles : 96°C for 30 s, 55°C for 30 s, 72°C for 30 s; final incubation at 72°C for 10 min. Incubation time and temperature were adapted to the plasmid and primers used. Next, 10 μl of mixture were digested with 1 μl of DpnI restriction enzyme (ThermoFisher Scientific) for 10 min at 37°C in a final volume of 30 μl and *Escherichia coli* DH5α competent cells were transformed with 3 μl of the mixture.

Production of pASZ11 derivatives with U3 gene variants {#SEC2-5}
------------------------------------------------------

Phage M13 mp9::T7-snR17A ([@B67],[@B68]) containing the coding sequence of U3 snoRNA under the control of T7 promoter was used as the matrix for site-directed mutagenesis of the U3 gene ([@B64]), using the oligonucleotides listed in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}. Plasmids pASZ11::U3 with the mutated forms of U3 were obtained by substitution of the SalI-EcoRI fragment of plasmid pASZ11::U3 encoding the WT U3 snoRNA by their mutated SalI-EcoRI counterparts.

Test of the U3 allele expression and stability {#SEC2-6}
----------------------------------------------

Total RNA was extracted from recombinant JH84 cells grown for 24 h in YPD liquid medium, using the procedure of ([@B7]). For each assays, 20 μg of total RNA were fractionated on a denaturing 6% polyacrylamide gel. Northern-blot analyses were performed as previously described ([@B19]), using a 5′-end labeled oligonucleotide ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}), complementary to the 3′-end of the yeast U3 snoRNA as the probe, and the 5′-end labeled U6 oligonucleotide ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}), complementary to U6 snRNA, for standardization of the data. The radioactivity of the hybridization bands were quantified with a phosphorimager (GE Healthcare) using the Image Quant software. The ratio between the radioactivity measured for the U3 snoRNA hybridization signals and the total radioactivity measured in U3 snoRNA and U6 snRNA hybridization signals was estimated for each recombinant strain.

Analysis of pre-rRNA processing {#SEC2-7}
-------------------------------

Ten micrograms of yeast total RNA were dissolved in 20 μl of MOPS buffer (20 mM MOPS, 5 mM NaAc, 1 mM EDTA) and were fractionated on a 1.5% agarose gel run in MOPS buffer for 24 h at 2 V/cm. The gel was washed for 10 min in water and then twice in 75 mM NaOH for 20 min. RNAs were transferred onto a Nylon membrane (Amersham Hybond™-N^+^, GE Healthcare) using a vacuum system for 30 min in transfer buffer 1 (0.5 M Tris--HCl, 1.5 M NaCl) and next for 3 h in transfer buffer 2 (10× SSC buffer, 1.5 M NaCl, 150 mM citrate sodium pH 7). After transfer, the membrane was UV-cross-linked for 5 min and northern-blotting was performed as previously described ([@B69]), using U3 and U6 specific probes ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}).

Primer extension analysis {#SEC2-8}
-------------------------

Two μg of total RNA were incubated for 2 min at 96°C with 200 000 cpm of labeled RT-primer in a final volume of 2.5 μl of hybridization buffer (50 mM Tris--HCl pH 8.3, 40 mM KCl). The hybridization material was immediately cooled on ice for 5 min. Next, 100 μM dNTPs were added together with 0.5 U of AMV-Reverse Transcriptase (MP Biomedicals) in a final volume of 5 μl of RT buffer (50 mM Tris--HCl pH 8.3, 50 mM KCl, 10 mM MgCl~2~, 0.5 mM spermidine, 10 mM DTT), and the mixture was incubated at 42°C for 30 min. After addition of 4 μl of formamide loading dye (10 mM EDTA, pH 8, 0.05% bromophenol blue, 0.05% xylene cyanol in deionized formamide), samples were incubated for 2 min at 96°C and loaded on a 7% acrylamide/bisacrylamide (38:2) denaturing gel (45 mM Tris--HCl pH 8, 45 mM H~3~BO~3~, 0.5× TBE, 1 mM EDTA, pH 8, 8 M urea). Migration was performed for 4 h at 2 V/cm in 0.5× TBE buffer, before phosphorimager analysis.

*In vivo* analysis of mutated U3 snoRNA variant structures {#SEC2-9}
----------------------------------------------------------

The procedure used was previously described by Méreau *et al.* ([@B28]). Recombinant JH84 cells were grown at 30°C in 20 ml of YPD medium until the *A*~600~ reached a value comprised between 0.5 and 1.2. Then, they were gently rocked at room temperature for 2 min in the presence of DMS at a final concentration of 30 or 60 mM. The reaction was stopped by addition of 0.7 M ice-cold 2β-mercaptoethanol and 5 ml of cold water-saturated isoamyl alcohol, followed by shaking and centrifugation. The cell pellet was first washed with 10 mM MgCl~2~, 3 mM CaCl~2~, 10 mM Tris--HCl pH 7.5 containing 250 mM sucrose and 0.7 M 2β-mercaptoethanol, then washed with 5 ml of sterile water, and ground with acid-washed beads in the presence of 200 μl extraction buffer (100 mM NaCl, 10 mM EDTA, 50 mM Tris, pH 7.5). The mixture was successively shaken for 1 min, put on ice for 2 min, and shaken again for 1 min. Then, 200 μl of extraction buffer and 50 μl SDS 10% were added, and total RNA was phenol extracted and ethanol precipitated. The RNA pellet was washed with ethanol (70%), dried and dissolved in milliQ water to a final concentration of 5 μg/μl, as estimated by UV absorption at 260 nm. Sites of DMS modifications were mapped by reverse transcriptase analysis with the 5′-end labeled 112 primer ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}) complementary to U3 snoRNA nucleotides from position 92--106. The primer was annealed to 5 μg of total RNA. cDNA synthesis was made in the presence of four deoxynucleotide triphosphates and the AMV reverse transcriptase, as previously described by Mougin *et al.* ([@B70]). For comparison, total RNA from untreated cells was prepared in the same way than DMS treated cells. Positions of chemical modifications were then identified by reference to a sequencing ladder made with unmodified RNA and the same 5′-end labeled primer.

Yeast two hybrid assays {#SEC2-10}
-----------------------

Yeast two-hybrid assays were performed at 30°C as previously described, using increasing 3-amino-1,2,4-Triazole (3-AT) concentrations from 10 to 50 mM to test for the stability of the detected interactions ([@B71]).

Immunoprecipitation {#SEC2-11}
-------------------

Cell extracts were incubated with Rabbit IgG-Agarose beads (SIGMA) in IPP-150 buffer (10 mM Tris--HCl, pH 8, 150 mM NaCl, 0.1% NP-40) for 3 h at 4°C. Beads were washed three times for 5 min in IPP-150 buffer. For analysis of immunoprecipitated RNAs, the pelleted agarose beads were suspended in 300 μl of IPP-150 buffer containing 0.5% SDS and 150 μg of proteinase K (Roche) and incubated for 30 min at 37°C and next for 10 min at 65°C. RNAs were phenol extracted twice and ethanol precipitated ([@B72]) before northern-blotting.

GST pull-down {#SEC2-12}
-------------

GST-tagged proteins were expressed in *E. coli* BL21(DE3) pRARE2 cells (Novagen) and purified by affinity chromatography on glutathione-Sepharose beads (GE healthcare). \[^35^*S*\]-methionine-labeled proteins were prepared using the *E. coli T7 S30 Extract System for Circular DNA* (Promega). One microgram of GST or GST-tagged proteins bound to glutathione-sepharose beads was incubated with 5 μl of \[^35^*S*\]-methionine-labeled proteins for 2 h at 20°C in 400 μl of RSB 200 buffer (10 mM Tris--HCl, pH 7.4, 2.5 mM MgCl~2~, 200 mM NaCl, 0.01% NP40). Beads were washed three times in RSB 200 buffer and proteins were eluted in loading buffer (45 mM Tris--HCl pH 6.8; 8% SDS; 0.02% bromophenol blue; glycerol, 20% 2-mercapto-ethanol) and analyzed by SDS-PAGE followed by autoradiography.

RESULTS {#SEC3}
=======

The β-propeller surface residue R289 of Rrp9 is important for cell growth {#SEC3-1}
-------------------------------------------------------------------------

The β-propeller domain of Rrp9 is formed by seven WD subdomains and was predicted to mediate protein contacts within the SSU-processome. To test this hypothesis, we mutated β-propeller surface residues (Figure [2A](#F2){ref-type="fig"}) ([@B26]). We preferentially mutated amino-acids present both in Rrp9 and human U3-55K but omitted residues that were likely to play structural roles. We substituted nineteen residues with alanine, either individually or in combination, generating nine Rrp9 mutants (Figure [2A](#F2){ref-type="fig"}, [B](#F2){ref-type="fig"}; [Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). Since Rrp9 is essential, we inserted a regulated *P~GAL10~* promoter upstream of the endogenous *RRP9* open-reading frame in yeast strain W303. In the resulting strain (W303::pGAL-*RRP9*), Rrp9 is produced in galactose medium (YPG), but repressed in glucose (YPD). Cells were transformed either with an empty pG1::protA plasmid as control, or with a pG1::Rrp9-protA plasmid derivative expressing the WT or a mutant Rrp9 protein carrying a N-terminal protein A tag. Serial dilutions of transformed cell cultures were plated on both YPG and YPD solid media at three different temperatures (20, 30 and 37°C) (Figure [2B](#F2){ref-type="fig"}, [Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). As expected, the empty plasmid did not restore cell growth on YPD medium, while expression of WT Rrp9-protA fully restored cell growth at all temperatures. In this initial screen, a clear growth defect was observed for cells expressing the R289A/K290A double mutant (Figure [2B](#F2){ref-type="fig"}, [Supplementary Figure S1](#sup1){ref-type="supplementary-material"}), which was exacerbated at 20°C. Deconvoluting the mutated residues of this double mutant showed that R289 was important for normal growth (Figure [2B](#F2){ref-type="fig"}). Indeed, the growth defect in cells expressing Rrp9--R289A was more severe than upon expression of the double mutant Rrp9-R289A/K290A. This observation was unexpected, as both consecutive residues are polar, but could reflect some compensatory effect of the K290A mutation.

![The R289A substitution in the Rrp9 β-propeller domain is deleterious for cell growth but alters neither Rrp9 / U3 stabilities, nor U3 snoRNP assembly. (**A**) Tridimensional representation of the Rrp9 protein structure ([@B44]). For simplicity, only the β-propeller domain of Rrp9 is shown. Surface residues that were mutated in this study are depicted in orange. Residues R289 and K290 are highlighted in red ([@B44]). (**B**) Effects of Rrp9 mutations on growth of yeast W303::pGAL-RRP9 cells. Growth of cells expressing mutant or wild-type Rrp9 proteins was monitored under permissive galactose (YPG) or repressive glucose medium conditions (YPD) at 3 different temperatures (20°C, 30°C and 37°C), using 4 increasing dilutions (indicated as A~600~ values: from 0.3 to 0.001). Identities of the amino-acid substitutions are indicated on the left of the panel. (--) Cells transformed with an empty plasmid. Growth defect is reinforced at low temperature. (**C**) Comparison by Western-blotting of the stabilities of Rrp9-Protein A and R289A Rrp9-Protein A fusion proteins expressed from plasmid pG1. Cells were grown on repressive YPD medium at 20°C, 30°C and 37°C. Antibodies were directed against the Protein A tag. GAPDH was used as a control. (--) corresponds to the negative control experiment performed with cells transformed with an empty pG1 plasmid. (**D**) Comparison of U3 snoRNA stability upon expression of wild-type Rrp9 (WT) or mutant Rrp9 (R289A) from plasmid pG1, and in the absence (--) of Rrp9 expression from plasmid pG1. Northern-blots on total RNA of cells grown on YPD medium at 20, 30 and 37°C were performed with the U3 specific labeled probe 41. U6 snRNA was used as a loading control (see [Supplementary Table S1](#sup1){ref-type="supplementary-material"} for the probes). (**E**) RNA pull-down assays in the view to compare association of U3 snoRNA with the WT and the mutated Rrp9 (R289A) proteins. Pull-downs were performed with an antibody directed against the Protein A tag on extracts of cells transformed with pG1 plasmids expressing the wild-type (WT), the R289A Rrp9 protein or no Rrp9 protein (--). Immunoselection of U3 and U6 was monitored by northern-blotting using the same specific oligonucleotide probes as in D.](gkaa066fig2){#F2}

Western-blot analysis showed that Rrp9--R289A--protA was expressed at the same levels as WT Rrp9--protA at all temperatures (Figure [2C](#F2){ref-type="fig"}). To test effects of the R289A mutation on U3 association and stability, we performed northern-blot analyses using a U3 specific probe and affinity-purification with the protA-tag (Figure [2D](#F2){ref-type="fig"}, [E](#F2){ref-type="fig"}). U3 levels were the same for cells expressing Rrp9--R289A or WT Rrp9 (Figure [2D](#F2){ref-type="fig"}). Recovery of co-purified U3 was also similar for Rrp9--R289A--protA and WT Rrp9--protA (Figure [2E](#F2){ref-type="fig"}).

We conclude that the R289A substitution is detrimental to Rrp9 function, particularly at low temperature, possibly reflecting altered protein interactions.

An aberrant 22S RNA species accumulates in cells expressing Rrp9-R289A {#SEC3-2}
----------------------------------------------------------------------

Rrp9 is required for pre-rRNA cleavage ([@B12]) and we therefore tested whether 35S pre-rRNA processing is defective in the Rrp9--R289A mutant (Figure [3](#F3){ref-type="fig"}). As the efficiency of pre-rRNA cleavage cannot be directly assessed from the steady levels of intermediates, but must be determined from the accumulation of precursors, we evaluated the levels of these intermediates by northern-blot assays and by reverse transcriptase analysis. Following Rrp9 depletion in the empty vector control (pG1), the 35S pre-rRNA was accumulated together with the 23S RNA. This aberrant intermediate results from cleavage at site A3 located in internal transcribed spacer 1 (ITS1), in the absence of prior cleavage at sites A0-A2 (Figure [3A](#F3){ref-type="fig"}, lanes (--)). Site A3 is cleaved by RNase MRP and does not require the U3 snoRNP ([@B73]). In addition, the 20S pre-rRNA and 18S rRNA were depleted consistent with the loss of cleavage at sites A0, A1 and A2 ([@B12]) (compare lanes (--) to WT, Figure [3A](#F3){ref-type="fig"}). Rrp9 depleted cells expressing Rrp9--R289A--protA showed an accumulation of 35S pre-rRNA and 23S RNA. This was more marked following growth at 20°C, correlating with the observed growth defects (lane R289A, Figure [3A](#F3){ref-type="fig"}). However, accumulation of 18S rRNA was markedly decreased at all tested temperatures. This was explained by a marked increase in abundance of the aberrant 22S RNA, predicted to result from cleavage at sites A0 and A3 in the absence of processing at sites A1 and A2. This was especially marked at 20°C, the temperature corresponding to the strongest growth defect. At this temperature 22S RNA is only detected in trace amounts when WT Rrp9 is expressed. This identification was verified by northern-blot assays, using probes targeting pre-rRNA sequences located between sites A0 and A1 (026b), A1 and A2 (002), A2 and A3 (003), as well as upstream of site A0 (000) and downstream of A3 (013b) (Figure [3B](#F3){ref-type="fig"}, [Supplementary Table S1](#sup1){ref-type="supplementary-material"}). As a further confirmation, primer extension with reverse transcriptase (RT) was performed with a primer (026b) hybridizing 36 nucleotides downstream from site A0 (the 5′-end of 22S). This revealed a marked increase of the RT signal at site A0 when Rrp9--R289A was expressed (Figure [3C](#F3){ref-type="fig"}). Since all pre-rRNA is considered to be cleaved at site A0 in a wild-type strain, this demonstrated the accumulation of RNA intermediates cleaved at site A0 in cells expressing the mutated Rrp9 protein. Comparison of different growth temperatures (Figure [3A](#F3){ref-type="fig"}) showed stronger accumulation of 35S pre-RNA and the 23S and 22S intermediates at 20°C, with a concomitantly greater decrease in 18S rRNA production.

![The Rrp9-R289A mutation affects pre-rRNA early cleavages at sites A1 and A2 leading to strong accumulation of the aberrant 22S RNA at 20°C. (**A**) The different RNA species produced from the 35S pre-rRNA at 20, 30 and 37°C were detected by northern-blotting using specific probes, indicated on the left side of panel A ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}) (002 downstream of the 18S sequence, 008 close to the 5′ extremity of the 18S, 007 in the 5′-terminal part of the 25S, and 013b between the 5.8S and 25S sequence, in the ITS2 segment, as drawn right of panel A). Cells were transformed with an empty pG1 plasmid or pG1 plasmids expressing WT- or R289A--Rrp9. The cleavage steps generating the 18S rRNA from the 35S pre-rRNA are schematized on the right side of the panel. Positions of the probes are indicated on the schematic representations of the various intermediates. Upon expression of Rrp9 R289A, an accumulation of 22S RNA is detected, especially at 20°C and 18S production is decreased at all the tested temperatures. (**B**) The identities of cleavage sites occurring at 20°C in the pre-rRNA were determined by northern-blotting using five discriminating probes shown under the panel ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). Briefly, the binding site of probe 002 was located between sites A2 and D enabling detection of the 35S pre-rRNA and the 23S, 22S and 20S RNA intermediates. The probe 003 binding sequence was located between sites A2 and A3. This probe was dedicated to the detection of intermediates that were not cleaved at site A2, namely, the 35S, 23S and 22S RNAs, but not the 20S intermediate. Probe 026b hybridized between sites A0 and A1 and revealed the intermediates that were not cleaved at site A1, thus detecting the 35S, 23S and 22S pre-rRNAs. Probe 000 was binding upstream of site A0, revealing only the 35S pre-rRNA and the 23S intermediate that is not cleaved at site A0. Finally, probe 013b was binding downstream from site A3, and was only detecting the 35S pre-rRNA and intermediates involved in the 5.8S and 25S maturation. The absence of binding of probes 000 and 013b and the binding of probes 002, 003 and 026b to the abnormally accumulated intermediate species confirmed that it was the 22S intermediate cleaved at sites A0 and A3 without cleavage at sites A1 and A2. (**C**) To define the 5′ extremity of the 22S RNA intermediate, a primer extension experiment was performed with oligonucleotide 026b binding upstream of site A1 as depicted in the cartoon at the bottom of the panel. Products of the primer extension were fractionated in parallel with the products of sequencing reactions generated with the same primer (026b). Site +1, the 5′ end of 35S and 23S RNAs, is too far from the primer to be detected.](gkaa066fig3){#F3}

Our results show that in cells expressing Rrp9--R289A, cleavage efficiency at sites A1 and A2 is strongly reduced, while cleavages at sites A0 and A3 are less affected. The reduced accumulation of 18S likely explains the observed growth phenotype.

Rrp9 belongs to a large protein--protein interaction network within the SSU-processome {#SEC3-3}
--------------------------------------------------------------------------------------

β-propeller domains are involved in many protein--protein interactions ([@B22],[@B23]), suggesting that the R289A substitution might disturb interactions between Rrp9 and other components of the SSU-processome. To identify such interactions, we performed a candidate-based yeast two-hybrid (Y2H) screen focused on Rrp9. The proteins included in this screen were selected on the basis of previous SSU-processome interactome studies and structural analyses ([@B24],[@B40],[@B74],[@B75]). A positive Y2H interaction between the two test proteins drives expression of the *HIS3* gene and confers the ability to grow on medium lacking histidine (plates in Figure [4](#F4){ref-type="fig"} and in [Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). The strength of the interaction can be assessed by competition with increasing concentrations of the *HIS3* inhibitor 3-amino-1,2,4-triazole (3-AT). Consistent with previous reports ([@B74]), among the numerous combinations tested, strong positive interactions were observed for Rrp9 with Rrp36 and Sgd1 (Figure [4A](#F4){ref-type="fig"}-[C](#F4){ref-type="fig"} and [Supplementary Table S2](#sup1){ref-type="supplementary-material"}). In addition to Rrp36 and Sgd1, our candidate-based Y2H screen only identified positive interactions at lower intensities with Rrp5, Utp10 and the N-terminal domain of Utp20 (Figure [4A](#F4){ref-type="fig"} and [Supplementary Table S2](#sup1){ref-type="supplementary-material"}). Rrp36 is required for the early cleavages at sites A0, A1 and A2 ([@B46]), while Rrp5 is involved in both SSU and LSU maturation ([@B77]). Utp10 and Utp20 are two large HEAT-repeat-containing proteins forming arch-like structures on the surface of the SSU-processome, thus bridging distant regions of the SSU-particle ([@B24],[@B40],[@B42]).

![Y2H assays reveal that Rrp9 is involved in a protein interaction network including Rrp36, Sgd1, Rrp5, Utp10 and Utp20. Y2H assays were performed as described in Materials and Methods and increasing 3-AT concentrations were used to test the stabilities of the detected interactions (0, 2, 5, 10, 20 and 40 mM 3-AT). Here, we illustrate the strongest and more reproducible interactions that we detected (results of the interaction tested in the opposite orientation are given in [Supplementary Table S2](#sup1){ref-type="supplementary-material"}). (**A**) A strong positive interaction between Rrp9 and both Rrp36 and Sgd1 (up to 40 mM), an interaction of medium stability (up to 4 mM 3-AT) between Rrp9 and Rrp5 and weak interactions of Rrp9 with Utp10 and the N-ter part of Utp20 (up to 2 mM 3-AT) are detected. (**B**) Sgd1 interacts with Rrp9, Rrp36, Sgd1, Utp10 and the N-ter domain of Utp20. Stronger interactions are detected between Sgd1 and both Rrp5 and Utp10. The R289A mutation in Rrp9 does not alter the Rrp9-Sgd1 Y2H interaction. (**C**) Rrp36 shows strong Y2H interactions with Rrp9, Rrp5, Utp10 and the N-ter part of Utp20 and a medium interaction with Sgd1. The Rrp9 R289A mutation destabilizes the Rrp36-Rrp9 Y2H interaction. The Rrp9-Rrp36 interaction takes place through the Rrp9 C-ter domain. (**D**) Interactions of Rrp5 were tested in Y2H assays with Rrp36 and Sgd1 domains defined on the basis of protein 2D structure predictions with the IUPred ([@B79]) and the PSIPRED V3.3 ([@B78]) web servers as illustrated in [Supplementary Figure S2](#sup1){ref-type="supplementary-material"}. Domains are schematically represented on the right side of the panel. The C-terminal domains of both Rrp36 and Sgd1, but not their N-terminal domains, interact with Rrp5. Two subfragments of the Sgd1 C-terminal domain (SD4 and SD5) are also able to interact with Rrp5. However, the stability of the interaction is reduced according to 3-AT resistance.](gkaa066fig4){#F4}

To assess the functional importance of the R289 residue of Rrp9, Y2H assays were performed by co-expression of Rrp9-R289A with Sgd1 (Figure [4B](#F4){ref-type="fig"}), Rrp36 (Figure [4C](#F4){ref-type="fig"}), Utp10 and the N-terminal part of Utp20, which are the only proteins with which we observed a significant interaction with WT Rrp9 ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}). The Y2H interaction between Rrp9 and Rrp36 was significantly destabilized by the R289A mutation, as indicated by a marked reduction in resistance to 3-AT (Figure [4C](#F4){ref-type="fig"}), while that with Sgd1 was unaffected (Figure [4B](#F4){ref-type="fig"}). The weak interactions between WT Rrp9 and Utp10 or the N-terminal part of Utp20 were completely abolished for Rrp9--R289A ([Supplementary Table S2C](#sup1){ref-type="supplementary-material"}). Therefore, the R289A substitution markedly decreases the strength of the Rrp9-Rrp36 interaction, likely contributing to the observed pre-rRNA processing defects.

One reasonable hypothesis is that the Rrp9--Rrp36 interaction constitutes a link within a broader protein-protein interaction network. Therefore, we also tested whether the Rrp9 interaction partners interact with each other. In agreement with previous data, a positive Y2H assay was observed for the Rrp36--Sgd1 pair (Figure [4B](#F4){ref-type="fig"}, [C](#F4){ref-type="fig"}), and both Rrp36 and Sgd1 gave positive Y2H results with Utp10. For the N-terminal part of Utp20, a strong positive signal was only observed for Rrp36 (Figure [4C](#F4){ref-type="fig"}, [Supplementary Table S2C](#sup1){ref-type="supplementary-material"}) ([@B76]). In addition, interestingly, Y2H assays also indicated the association of Rrp5 with both Sgd1 and Rrp36 (Figure [4B](#F4){ref-type="fig"}, [C](#F4){ref-type="fig"}). The interaction of Rrp36 and Sgd1 with Rrp5 appeared stronger than their binding to Rrp9, as judged by 3-AT resistance.

We therefore propose that Rrp9 functions in the context of a protein interaction network, including Sgd1, Rrp36, Rrp5, Utp10 and Utp20, within the SSU-processome.

The Rrp9 β-propeller domain alone interacts with Rrp36 while intact Rrp9 is required for Sgd1 interaction {#SEC3-4}
---------------------------------------------------------------------------------------------------------

To further characterize this protein network, we used Y2H assays to map the protein domains involved (Figure [4C](#F4){ref-type="fig"}, [D](#F4){ref-type="fig"}, [Supplementary Figures S2 and S3](#sup1){ref-type="supplementary-material"}). Based on its structure, Rrp9 was subdivided into its N-terminal and β-propeller domains. Sgd1 and Rrp36 lack reported 3D structures, so subdomains to be tested were delineated using protein-structure prediction programs, as well as predictions of structure flexibility ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}) ([@B78],[@B79]). Two and four subdomains were defined for Rrp36 and Sgd1, respectively (Figure [4C](#F4){ref-type="fig"}, [D](#F4){ref-type="fig"}, [Supplementary Figures S2 and S3](#sup1){ref-type="supplementary-material"}). Significantly, the C-terminal β-propeller domain of Rrp9, but not the N-terminal region, interacted strongly with Rrp36 (Figure [4C](#F4){ref-type="fig"}). However, the intact Rrp9 protein was required for Y2H interaction with Sgd1 ([Supplementary Figure S3A](#sup1){ref-type="supplementary-material"}, Figure [4B](#F4){ref-type="fig"}). The C-terminal region of Rrp36 was sufficient for Y2H interaction with Rrp5 (Figure [4D](#F4){ref-type="fig"}), while the full-length protein was necessary for Y2H interaction with Rrp9, as well as with Sgd1 ([Supplementary Figure S3B, C](#sup1){ref-type="supplementary-material"}). The C-terminal part of Sgd1 was sufficient for Y2H interaction with Rrp5 (Figure [4D](#F4){ref-type="fig"}). No clear Sgd1 interacting sub-domain could be identified for the Sgd1--Rrp9 and Sgd1--Rrp36 interactions ([Supplementary Figure S3D, E](#sup1){ref-type="supplementary-material"}). We failed determining specific regions of the very large, multi-domain Rrp5 protein that are responsible for the Rrp5--Rrp36 and Rrp5--Sgd1 interactions (data not shown).

Demonstration of the direct interaction of Rrp9 with Rrp36 and Sgd1, and of Rrp36 with Rrp5 {#SEC3-5}
-------------------------------------------------------------------------------------------

To test whether the Y2H assays identified direct or indirect interactions, we performed GST-pull down assays, using purified GST-tagged proteins and *in vitro* translated proteins labeled with \[^35^S\]-methionine (Figure [5A](#F5){ref-type="fig"}--[C](#F5){ref-type="fig"}).

![Some of the detected Y2H interactions correspond to direct interactions. (**A--C**) GST-tagged wild-type Rrp9, GST-tagged R289A mutant Rrp9, a GST-tagged non-relevant protein (GST-TRBP) or GST alone were bound to glutathione sepharose beads and incubated in the presence of Rrp36, Sgd1 domains or control proteins (Rtt106, CAT and β-Lactamase) labeled with \[^35^S\]-methionine. Protein--protein interactions were revealed by autoradiography. As shown by GST pull-down assays, interactions of Rrp36 (A) and the C-terminal domain of Sgd1 (B) with Rrp9 are direct interactions. Rrp36 also interacts directly with Rrp5 (C). The strength of the Rrp9-Rrp36 interaction is decreased by the Rrp9 R289A mutation by 20% (A), which is confirmative of Y2H results. (**D**) Schematic representation of the interaction network characterized for proteins Rrp9 and Sgd1, Rrp36, Rrp5, Utp10 and Utp20. Dashed arrows represent the Y2H interactions detected between proteins and/or protein sub-fragments (Figure [4](#F4){ref-type="fig"}, [Supplementary Table S2](#sup1){ref-type="supplementary-material"}). Plain red arrows represent direct interactions. Due to solubility problems, only three direct interactions were tested. Therefore, direct interactions of Rrp9, Rrp36, Rrp5 and Sgd1 with Utp10 and Utp20 were not tested.](gkaa066fig5){#F5}

GST-Rrp9 co-precipitated labeled Rrp36 but not the Rtt106 control protein. In the same conditions, no recovery was seen for GST alone or the control GST-tagged protein TRBP (Figure [5A](#F5){ref-type="fig"}). Treatment with RNase demonstrated that the Rrp9--Rrp36 interaction does not depend on the presence of RNA (data not shown). Full-length Sgd1 was poorly expressed in vitro, so we generated separate N-terminal and C-terminal fragments (Figure [5B](#F5){ref-type="fig"}). The C-terminal Sgd1 domain was recovered with GST-Rrp9, whereas binding was not seen for GST or GST-TRBP controls. The N-terminal domain of Sgd1 and the control Rtt106 protein were not recovered. Purified GST-Rrp9-R289A interacted with both Rrp36 and the Sgd1 C-terminal fragment (Figure [5A](#F5){ref-type="fig"}, [B](#F5){ref-type="fig"}). However, recovery of Rrp36 with GST--Rrp9--R289A was reduced by 20% relative to WT Rrp9 protein (Figure [5A](#F5){ref-type="fig"}), consistent with the negative effect of the Rrp9 R289A mutation on the strength of the Rrp9--Rrp36 Y2H interaction (Figure [4C](#F4){ref-type="fig"}). A direct interaction was also observed between GST-Rrp5 and Rrp36, which was well recovered relative to CAT and β-lactamase proteins (Figure [5C](#F5){ref-type="fig"}). Due to solubility problems, we could not test whether the interactions detected for Utp10 and the Utp20 N-ter domain are direct and whether the Utp10 and Utp20 proteins interact through domains showing some structural homologies.

We conclude that Rrp9 interacts directly with both the C-terminal region of Sgd1 and with Rrp36 (the interaction destabilized by the Rrp9 R289A mutation). In addition, Rrp36 directly interacts with Rrp5, pointing to potential roles for these direct interactions in the efficiency of cleavage at sites A1 and A2 (Figure [5D](#F5){ref-type="fig"}).

Testing for synergistic negative interactions between Rrp9--R289A and mutations in U3 {#SEC3-6}
-------------------------------------------------------------------------------------

Association of the U3 snoRNP with the SSU-processome involves base-pairing between multiple sequences in the 5′ region of U3 and the pre-rRNA (Figure [1](#F1){ref-type="fig"}, [Supplementary Table S3](#sup1){ref-type="supplementary-material"}). These interactions are designated helices I--III, V and VI. We predicted that the Rrp9 protein network may reinforce the stability of these RNA--RNA interactions. To test this, we looked for synthetic lethality or synergistic negative interactions in strains expressing both Rrp9--R289A and U3 carrying mutations that alter binding to the pre-rRNA (Figures [6](#F6){ref-type="fig"} and [8](#F8){ref-type="fig"}, panel A, [Supplementary Table S3](#sup1){ref-type="supplementary-material"}). We also investigated the effects of mutations in the U3 segments linking intermolecular helices, as these regions could be directly involved in RNA-protein interaction and/or SSU-processome architecture.

![The Rrp9--R289A mutation is synthetic lethal with several mutations destabilizing the heterologous interactions between U3 and the 5′-ETS sequence or reducing the size of the linker sequences ([@B10],[@B17],[@B28],[@B30]). (**A**) Representation of the U3 snoRNA/pre-rRNA base-pair interaction. Helix V and VI and segments 3 and 4 are represented ([@B10],[@B44]). The recently proposed extension of helix V ([@B40],[@B44]) is shown in red. The mutations tested in the synthetic lethality screen are indicated. For the complete set of studied mutations, see [Supplementary Table S3](#sup1){ref-type="supplementary-material"}. (**B--E**) Yeast cells were transformed with plasmid expressing wild type Rrp9 (WT) or the R289A Rrp9 mutant (mut) and U3 snoRNA (Wild-type WT or mutants 3-3 to 3--5, 4-1 to 4--7, V-1 to V-3 and VI-3, VI-4 and VI-6) and grown on YPD medium after serial dilutions (2, 5, 20, 10^2^, 10^3^ or 10^4^ X) at 20, 30 and 37°C (left, middle and right panels, respectively; for details see methods section). As a control, a comparison of cell growth on YPD and on YPG is shown for WT and all mutant cells in [Supplementary Figure S4](#sup1){ref-type="supplementary-material"}. (**F**) Northern-blot analysis of the *in vivo* stability of the different U3 mutants, expressed in JH84 yeast cells. Identities of the variant U3 RNAs are indicated on top of the autoradiogram. About 20 μg of total RNA extracted from the transformed JH84 cells grown at 30°C in YPD medium were fractionated by electrophoresis on a 6% denaturing polyacrylamide gel. After electrotransfer on a nylon membrane, the U3 snoRNA variants were detected by hybridization of the membrane with the 5′-end labeled U3 probe and the U6 oligonucleotide, complementary to U6 snRNA, was used as a control ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). The ratios between the U3 and U6 signals for each U3 mutant were calculated and expressed as a percentage of the ratio obtained for WT U3, arbitrary taken as 100%. (**G**) Primer extension analysis of total RNAs extracted from JH84 cells expressing various U3 mutants. Cells were grown on YPD medium and primer extensions were performed as described in Materials and Methods using equal amounts of total RNA (2 μg) and the labeled 008 probe complementary to 18S rRNA (Figure [3A](#F3){ref-type="fig"}). The autoradiogram signals corresponding to the A0- and A1-ending products are shown for cells expressing WT U3 or variant U3 as indicated on top of the autoradiogram. Intensities of the A0 and A1 bands were quantified and results are expressed as percentages of the intensities obtained for WT U3 arbitrary taken as 100%.](gkaa066fig6){#F6}

Each of the selected U3 snoRNA variants was tested for effects on cell growth in the *P~GAL~*-Rrp9 strain following transfer to glucose medium (YPD) at 20, 30 and 37°C in the presence of WT Rrp9 (WT rows in Figures [6](#F6){ref-type="fig"} and [8](#F8){ref-type="fig"}, [Supplementary Figures S4 and S5](#sup1){ref-type="supplementary-material"}, [Supplementary Table S3](#sup1){ref-type="supplementary-material"}). To test for synergistic effects, the U3 mutations were combined with Rrp9-R289A under the same conditions (mut rows in Figures [6](#F6){ref-type="fig"} and [8](#F8){ref-type="fig"}, [Supplementary Figures S4 and S5](#sup1){ref-type="supplementary-material"}, [Supplementary Table S3](#sup1){ref-type="supplementary-material"}).

Mutations in the 5′-ETS interaction region of U3 {#SEC3-7}
------------------------------------------------

The U3 region from position +30 to 72 forms helices V and VI, with the 5′-ETS region of the pre-rRNA. Both interactions were experimentally validated and are required for the early pre-rRNA cleavages at sites A0-A2 ([@B10],[@B30],[@B40],[@B44]).

Deletion of helix VI is lethal, so we used previously described U3 mutations (U3 VI-3, U3 VI-4 and U3 VI-6) with more limited effects on growth (Figure [6A](#F6){ref-type="fig"}, [B](#F6){ref-type="fig"}, [Supplementary Figure S4A, B](#sup1){ref-type="supplementary-material"}, [Supplementary Table S3](#sup1){ref-type="supplementary-material"}) ([@B10]). U3 VI-6 variant had the strongest growth phenotype alone, very similar to that found upon expression of the Rrp9--R289A protein alone, and combination of these two mutations led to synthetic lethality. Variant VI-3 alone had a weaker negative effect on cell growth, but markedly increased the negative effect of the Rrp9--R289A mutation. Finally, while the U3 VI-4 mutation had very limited effect on cell growth, it also reinforced the negative effect of the Rrp9 mutation. Therefore, the three mutations tested in segment VI either had a complete synthetic lethal effect or markedly increased the sickness of mutants carrying the Rrp9--R289A mutation (Figure [6B](#F6){ref-type="fig"}, [Supplementary Figure S4B](#sup1){ref-type="supplementary-material"}), suggesting some functional relationships between helix VI and Rrp9 during processome assembly or activity.

Substitution of a large region of helix V blocks pre-rRNA processing and growth ([@B9],[@B17]), so we generated new mutations (U3 V-1, U3 V-2 and U3 V-3). The single nucleotide mutation in U3 V-1 had no effect on cell growth alone and did not significantly increase the negative effect of Rrp9--R289A (Figure [6C](#F6){ref-type="fig"}, [Supplementary Figure S4C](#sup1){ref-type="supplementary-material"}, [Supplementary Table S3](#sup1){ref-type="supplementary-material"}). In contrast, 5 nt substitutions of the 5′- or 3′-halves of segment V (U3 V-2 and U3 V-3, respectively) had marked effects on cell growth. U3 V-3 was almost inviable at 20 or 30°C, but supported robust growth at 37°C (Figure [6C](#F6){ref-type="fig"}, [Supplementary Figure S4C](#sup1){ref-type="supplementary-material"}, [Supplementary Table S3](#sup1){ref-type="supplementary-material"}), revealing a strong cryo-sensitive phenotype. Both U3 V-2 and U3 V-3 showed synergistic negative growth defects with Rrp9-R289A at all tested temperatures.

Segment 4 is located between helices V and VI and was proposed to play an important role in SSU-processome assembly ([@B45]). We therefore tested three substitutions (U3 mutants 4-1, U3 4-3, U3 4--6) as well as three short deletions that we previously described (U3 4-2, U3 4-4, U3 4-7) (Figure [6A](#F6){ref-type="fig"} and [D](#F6){ref-type="fig"}) ([@B10]). All mutations had very limited effects on cell growth in the presence of the WT or mutated Rrp9, except for the U3 4-2 deletion that was fully synthetic lethal with Rrp9--R289A (Figure [6D](#F6){ref-type="fig"} and [Supplementary Figure S4D](#sup1){ref-type="supplementary-material"}). No synergistic negative effects were detected for the other mutants. We conclude that, in combination with Rrp9-R289A, the presence of the four 5′-terminal nucleotides of segment 4 proximal to intermolecular helix V is crucial, but this is independent of the nucleotide sequence.

Segment 3 lies 5′ to helix V and large deletions between +28 and +38 (renamed here as U3 3-1 and U3 3-2 for homogeneity) abolish growth ([Supplementary Table S3](#sup1){ref-type="supplementary-material"}) ([@B28]). We therefore generated five new mutations with short deletions (U3 3-3 and U3 3-4), tracts of base substitutions (U3 3--5 and U3 3-7) or both deletion and substitutions (U3 3--6) (Figure [6A](#F6){ref-type="fig"}). The 2 nt substitution in U3 3--5, showed no clear effects in the presence of Rrp9 or Rrp9--R289A (Figure [6E](#F6){ref-type="fig"}, [Supplementary Figure S4E](#sup1){ref-type="supplementary-material"}). In contrast, the 4 nt deletion in U3 3-4 was thermosensitive lethal at 37°C ([Supplementary Table S3](#sup1){ref-type="supplementary-material"}) and synergistically negative with Rrp9-R289A at other temperatures. An overlapping 8 nt deletion U3 3-3 was both cold-sensitive and thermosensitive and synergistically negative with Rrp9-R289A at 30°C (Figure [6E](#F6){ref-type="fig"}, [Supplementary Figure S4E](#sup1){ref-type="supplementary-material"}, [Supplementary Table S3](#sup1){ref-type="supplementary-material"}). All of the mutant U3 constructs were stably expressed (Figure [6F](#F6){ref-type="fig"}, [Supplementary Table S3](#sup1){ref-type="supplementary-material"}). Primer extension analyses were performed with primer 008 on 2 μg total RNA extracted from cells grown at 30°C. This primer allows detection of pre-rRNA intermediates cleaved at site A0 (22S and A0-A2 intermediates), as well as intermediates cleaved at site A1 (20S and mature 18S rRNA) (Figure [6G](#F6){ref-type="fig"} and [7B](#F7){ref-type="fig"}). Interestingly, U3 truncations in segment 3 (variants 3-1, 3-2, 3-3 and 3-4) markedly affected 18S processing with unusual amounts of processing intermediates cleaved at site A0 (Figures [6G](#F6){ref-type="fig"} and [7B](#F7){ref-type="fig"}). In contrast, the segment 3 substitutions U3 3-5, U3 3-6 and U3 3-7 did not induce clear defects, suggesting that the length of segment 3 may be more important for correct processing than its sequence.

![Primer extension analysis and Northern-blot probing of pre-rRNA maturation intermediates for U3 variants mutated in helices I, II, III and their linking segments. (**A**) Target sites on the pre-rRNA of oligonucleotides used for northern-blotting. The positions of the probe target sequences are indicated with black squares. Probe 001 was used to detect the entire 35S pre-rRNA, the 33S RNA only cleaved at site A0 and the 27S A2 and 27S A3 intermediates containing the pre-rRNA sequences upstream of sites A2 or A3. Probe 013 was used for RNAs 27A2/A3 and 27B which 3′ extremities corresponds to sites A2, A3 and B, respectively. Probe 007 allowed evaluation of the amount of mature 25S rRNA. Probe 003 was used to detect 23S RNA cleaved at site A3 without cleavage at A0 and the aberrant accumulation of 22S RNA cleaved at site A0 and A3 without cleavage at sites A1 and A2. Probe 002 also detected the accumulation of 22S RNA, the aberrant apparition of an A0-A2 intermediates, and the 20S RNA, the normal last intermediate before 18S production. Probe 026 detected the aberrant 22S and A0-A2 intermediates as well as an aberrant 19S RNA in extracts of cells expressing the variant 3-2 and 3-3 U3 RNAs. Finally, probe 008 was used to detect mature 18S rRNA in Northern-blot experiments and to detect 5′-termini A0 and A1 in primer extension analyses, as described in Figure [6G](#F6){ref-type="fig"}. (**B**) Primer extension analyses with primer 008 performed on 2 μg of total RNA extracted from JH84 cells expressing WT or mutant U3 snoRNAs: (--) control assays with an empty plasmid; for other lanes, the identity of the U3 snoRNA expressed in the cells is indicated above the autoradiograms. Longer exposure time was used for detection of pre-rRNA intermediates cleaved at site A0 (22S and A0--A2 intermediates) than for detection of products cleaved at A1 (20S intermediates and mature 18S rRNA). (**C, D**) Autoradiograms of Northern-blot analyses performed on total RNA extracted from JH84 cells expressing WT or mutant U3 snoRNAs after growth on YPD medium. RNA were fractionated by electrophoresis in 1.2% agarose-6% formaldehyde gels. The parts of interest in the autoradiogram obtained for each probes are shown as distinct sub-panels, identified by the number of the probe used, indicated on the side (see [Supplementary Table S1](#sup1){ref-type="supplementary-material"} for probe sequences). The identities of the U3 snoRNAs variants used in the experiments are given on top of the series of autoradiograms. Panel C corresponds to U3 mutated in segment 3 (variants 3-1, 3-2, 3-3 and 3--5). The first two lanes correspond to WT U3 and no U3 expression (--), respectively. Panel D corresponds to U3 mutated in linking segment 1 (1-1) and mutants of segments III, II and I, the latter previously proposed to form helix I. The pre-rRNA maturation intermediates identified by Northern-blot and their schematic representation are indicated on the right (C) or between (D) the panels.](gkaa066fig7){#F7}

The effects of the newly generated mutations in segment 3 were further analyzed for U3 3-1, U3 3-2, U3 3-3 and U3 3--5 (Figure [7](#F7){ref-type="fig"}). Northern analyses of the pre-rRNA maturation intermediates (Figure [7C](#F7){ref-type="fig"}) showed that transfer of the JH84-*P~GAL~*-U3 strain to glucose medium without complementing U3 expression had the expected phenotype, with loss of the products of the normally closely coupled cleavages at sites A0, A1 and A2: the 27SA2 and 20S pre-rRNAs. Both low levels of these pre-rRNAs intermediates, as well as mature 18S rRNA, were also observed in cells complemented with the U3 mutant U3 3-1, explaining its severe slow growth. The U3 3-2 and U3 3-3 strains showed significant accumulation of the 22S species. This observation is in agreement with data in Figures [6G](#F6){ref-type="fig"} and [7B](#F7){ref-type="fig"} showing an increased level of products cleaved at site A0. We also detected a 19S species that is apparently cleaved at sites A1 and A3 without A2 cleavage. This was unexpected, as the cleavages at sites A1 and A2 are generally tightly coupled (by an unknown mechanism) such that A1 is always cleaved prior to A2. These results suggest that U3, and specifically segment 3, plays a role in coupling cleavage at sites A1 at the 5′ end of 18S and A2 within ITS1, which are far distant in the primary sequence. In contrast, in agreement with data in Figure [6G](#F6){ref-type="fig"}, the pattern of maturation intermediates for the short U3-3-5 substitution closely resembled WT U3, supporting the conclusion that the length of segment 3 is more important than its actual sequence.

Mutations in the 18S rRNA-interaction region of U3 {#SEC3-8}
--------------------------------------------------

To assess the interactions between Rrp9 and U3-18S base-pairing, we generated a large collection of U3 mutations over the 5′ 27 nts of U3, including the segments previously proposed to form helices I, II and III (Figure [1](#F1){ref-type="fig"} top, Figure [8A](#F8){ref-type="fig"} left), as well as a newly proposed version of helix III (Figure [1](#F1){ref-type="fig"}, bottom, Figure [8A](#F8){ref-type="fig"}, right) ([@B40],[@B44]). All of the mutant U3 constructs were stably expressed, although some were less abundant than wild-type U3 (Figure [8B](#F8){ref-type="fig"}, [Supplementary Table S3](#sup1){ref-type="supplementary-material"}).

![The Rrp9-R289A mutation is synthetic lethal with some of the U3 snoRNA mutations destabilizing the formation of the helices formed between U3 and the 18S pre-rRNA ([@B10],[@B17],[@B28],[@B30]). (**A**) Representation of the initial and new models for U3 snoRNA/pre-rRNA base-pair interactions. In the initial model, the three helices (I, II, III) and segments ([@B1],[@B2]) are represented. In the new model, helix II which is unchanged and the new version of helix III (in red) are shown, as well as the opened helix I (in red) ([@B40],[@B44]). The mutations tested in the synthetic lethality screen are indicated below each model. For the complete set of mutations, see [Supplementary Table S3](#sup1){ref-type="supplementary-material"}. (**B**) Northern-blot analysis of the *in vivo* stability of the different U3 mutants indicated on top of the autoradiogram. They were expressed in JH84 yeast cells grown at 30°C in YPD medium. About 20 μg of total RNA were fractionated by electrophoresis on a 6% denaturing polyacrylamide gel. After electrotransfer on a nylon membrane, the U3 snoRNA variants were detected by hybridization of the membrane with the 5′-end labeled U3 probe and for internal control, with the U6 oligonucleotide, complementary to U6 snRNA ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). For each U3 variant, the ratio between the U3 and U6 signals of the autoradiogram were calculated and expressed as a percentage of the value obtained for WT U3 arbitrary taken as 100%. (**C**) Primer extension analysis of total RNA extracted from JH84 cells expressing WT or variant U3 snoRNA, grown on YPD medium, The labeled 008 primer, complementary to 18S rRNA (Figure [3A](#F3){ref-type="fig"}) was used as the probe. The signals corresponding to the A0- and A1-ending products are shown and their relative amounts were expressed as percentages of the amount obtained for WT U3 arbitrary taken as 100%. (**D, E**) Yeast cells were transformed with plasmids expressing wild-type Rrp9 (WT) or R289A Rrp9 mutant (mut) and U3 snoRNA (Wild-type WT or mutants 1-1, 2-1, I-1, II-1, II-2, III-1 to III-5) and grown on YPD medium after serial dilutions (2, 5, 20, 10^2^, 10^3^ or 10^4^ X) at 20, 30 and 37°C (left, middle and right panels, respectively; for details see methods section). A comparative analysis of cell growth on YPD and YPG media is shown in the [Supplementary Figure S5](#sup1){ref-type="supplementary-material"}.](gkaa066fig8){#F8}

In helix I, we mutated the two central residues (U3 I-1; U~25~ and C~26~) proposed to base pair with the 18S rRNA on the 3′ side of the central pseudoknot (Figure [8A](#F8){ref-type="fig"}). This mutation would be expected to abolish helix I formation, but had no clear effect on cell growth (Figure [8D](#F8){ref-type="fig"}, [Supplementary Table S3](#sup1){ref-type="supplementary-material"}) or pre-rRNA processing (Figures [7D](#F7){ref-type="fig"} and [8C](#F8){ref-type="fig"}). In combination with Rrp9-R289A, U3 I-1 conferred a slight negative effect on growth (Figure [8D](#F8){ref-type="fig"}, [Supplementary Figure S5B](#sup1){ref-type="supplementary-material"}), possibly related to reduced U3 abundance (Figure [8B](#F8){ref-type="fig"}). The data demonstrate that helix I is not important for ribosome synthesis and are consistent with cryo-EM data in which it was not detected. This region of U3 is conserved in evolution, but appears to be more important for the U3 stability than pre-rRNA processing.

U3 residue A~22~ forms the short segment 2 in the original model (Figure [8A](#F8){ref-type="fig"} left), located between helices I and II, but was visualized base-paired with the 18S U~9~ residue by cryo-EM (Figure [8A](#F8){ref-type="fig"} right) ([@B40],[@B44]). However, its substitution by a C residue (variant U3 2-1) had no effect on cell growth (Figure [8D](#F8){ref-type="fig"}, [Supplementary Table S3](#sup1){ref-type="supplementary-material"}) and did not increase the Rrp9--R289A growth defect (Figure [8D](#F8){ref-type="fig"}, [Supplementary Figure S5B](#sup1){ref-type="supplementary-material"}).

The importance of helix II is supported by genetic and structural analyses. However, a 3nt substitution (U3 II-1) had no detectable effect on cell growth (Figure [8D](#F8){ref-type="fig"}, [Supplementary Table S3](#sup1){ref-type="supplementary-material"}, [Supplementary Figure S5B](#sup1){ref-type="supplementary-material"}) and did not reinforce the Rrp9--R289A phenotype. A 5 nt substitution (U3 II-2) conferred a thermosensitive phenotype alone and was synthetic lethal with Rrp9 R289A at 20°C or 37°C and synergistically impaired at 30°C (Figure [8D](#F8){ref-type="fig"}, [Supplementary Table S3](#sup1){ref-type="supplementary-material"}, [Supplementary Figure S5B](#sup1){ref-type="supplementary-material"}). Primer extension revealed no accumulation of products cleaved at A0 in U3 II-1 or U3 II-2 (Figure [8C](#F8){ref-type="fig"}). However, northern analysis showed accumulation of 23S RNA, especially for U3 II-2 variant reflecting delayed cleavage at sites A0-A2 (Figure [7D](#F7){ref-type="fig"}).

The structure of helix II was assessed *in vivo* by modification with DMS (Figure [9](#F9){ref-type="fig"}), which introduces methyl groups that act as blocks to primer extension in single stranded regions. Comparison of U3 with U3 II-2 confirmed the opening of the helix II structure in this variant with the appearance of numerous DMS modifications indicating non-base paired nucleotides. These analyses show that disruption of helix II is synthetic lethal with the Rrp9--R289A mutation, revealing the interdependence of helix II formation and protein Rrp9 integrity in SSU-processome activity.

![*In vivo* structural analysis with DMS of U3 snoRNA in cells expressing the U3 WT or the II-2, III-4 and III-5 variants supports the new model of U3/pre-rRNA interaction. (**A**) Transformed JH84 cells grown in YPD medium were modified *in vivo* with two DMS concentrations (30 and 60 mM) ([@B28]). The increase of DMS concentration (30--60 mM of DMS) is indicated by a triangle above the lanes. A control experiment was made in the absence of DMS (lane 0 in each panel). Methylated adenosines and cytidines in the extracted RNAs were identified by extension of primer 112 ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}) with reverse transcriptase. Lanes U, G, C, A correspond to sequencing ladders obtained with the same primer. Position of nucleotides within U3 snoRNA or the pre-rRNA are indicated as well as the positions of segments involved in intermolecular helices I, II, III and V. Pink arrows indicate nucleotides, which are specifically methylated in the mutated U3 snoRNAs. (**B**) Positions of modified residues are shown on the new model of U3/pre-rRNA interaction. The intensities of DMS modifications are indicated by dots: three red dots, two orange dots, and one green dot represent strong, medium and low level of modification, respectively.](gkaa066fig9){#F9}

Segment 1 of U3 comprises the U~12~C~13~A~14~ trinucleotide joining helix II to helix III. Its substitution by a UGG sequence (U3 1-1) had no effect on cell growth (Figure [8D](#F8){ref-type="fig"}, [Supplementary Table S3](#sup1){ref-type="supplementary-material"}) and did not increase the phenotype of Rrp9 R289A (Figure [8D](#F8){ref-type="fig"}, [Supplementary Figure S5B](#sup1){ref-type="supplementary-material"}). This U3 1-1 mutation did neither clearly affect U3 levels (Figure [8B](#F8){ref-type="fig"}, [Supplementary Table S3](#sup1){ref-type="supplementary-material"}), nor accumulation of A0 cleaved pre-rRNAs or 18S rRNA (Figure [8C](#F8){ref-type="fig"}), nor other steps in pre-rRNA processing (Figure [7D](#F7){ref-type="fig"}). A base pair could be formed between U3 C~13~ and 18S G~1111~ in the revised version of helix III, but this seems to be dispensable for growth and pre-rRNA processing.

Five substitution mutations were generated in the helix III region of U3. Little effect on growth was seen for substitution of the 3 residues at the 5′-extremity (U3 III-1) or single nucleotide mutations in the 3′ region (U3 III-2 and U3 III-3) (Figure [8E](#F8){ref-type="fig"}, [Supplementary Table S3](#sup1){ref-type="supplementary-material"}, [Supplementary Figure S5C](#sup1){ref-type="supplementary-material"}). In contrast, double and triple base substitutions in the 3′ part of segment III (U3 III-4 and U3 III-5, respectively) generated clear growth defects, which were exacerbated at 20°C for both mutations and at 37°C for U3 III-5 (Figure [8E](#F8){ref-type="fig"}, [Supplementary Table S3](#sup1){ref-type="supplementary-material"}, [Supplementary Figure S5C](#sup1){ref-type="supplementary-material"}). Co-expression of Rrp9 R289A was synthetic lethal with U3 III-1, U3 III-4 or U3 III-5, but not with the single substitutions U3 III-2 and U3 III-3 (Figure [8E](#F8){ref-type="fig"}, [Supplementary Figure S5C](#sup1){ref-type="supplementary-material"}).

The mutants U3 III-1, U3 III-2, U3 III-3 and U3 III-4 all had a low *in vivo* stability compared to WT RNA (comprised between 55% for variant III-4 and 30% for variant III-1) (Figure [8B](#F8){ref-type="fig"}, [Supplementary Table S3](#sup1){ref-type="supplementary-material"}). In addition, primer extension analysis of RNAs extracted from cells expressing U3 III-4 or U3 III-5 (Figure [8C](#F8){ref-type="fig"}), showed accumulation of pre-rRNA cleaved at site A0, although the 18S 5′ end at A1 was not clearly altered (Figure [8C](#F8){ref-type="fig"}). Northern-blot analysis detected increased levels of 22S RNA, cleaved at sites A0 and A3 (Figure [7D](#F7){ref-type="fig"}). Altogether, this reflects a processing defect for variants U3 III-4 and U3 III-5 carrying base substitutions between positions 7 and 11, which explains the growth phenotypes (Figure [8E](#F8){ref-type="fig"}, [Supplementary Figure S5C](#sup1){ref-type="supplementary-material"}).

In recent cryo-EM structures, the 5′-terminal region of helix III is poorly base-paired (Figure [8A](#F8){ref-type="fig"}, right). In this structure, the 3 nt substitutions in U3 III-1 are not expected to dramatically change the stability of helix III. In contrast, these substitutions would be expected to dramatically reduce the stability of the previous version of helix III, with the disappearance of three Watson-Crick base-pairs (Figure [8A](#F8){ref-type="fig"}, left). In contrast, mutations U3 III-4 and U3 III-5 are predicted to destabilize helix III for both the initial and the revised versions of helix III (Figure [8A](#F8){ref-type="fig"}). *In vivo* structure probing of helix III formation with DMS showed that U3 III-5 mutation completely destabilized helix III, with the appearance of several DMS modification sites (Figure [9](#F9){ref-type="fig"}). More limited destabilization was observed for U3 III-4, consistent with its milder growth phenotype.

DISCUSSION {#SEC4}
==========

R289 in the Rrp9 β-propeller is required for efficient cleavages at sites A1 and A2 {#SEC4-1}
-----------------------------------------------------------------------------------

The SSU-processome UTP-A and UTP-B complexes contain a remarkable set of 19 proteins with β-propeller structures which functions in SSU-processome assembly ([@B41],[@B42],[@B45],[@B53]). However, Rrp9 is the only U3 snoRNP protein with a β-propeller domain ([@B26]). Here, we report that the R289A substitution in this domain specifically impairs cleavage at two of the early pre-rRNA cleavage sites A1 and A2, while residue K290A does not seem to be important. The compensatory effect observed for the double mutant RK289/290AA might be explained by a redistribution of charges, which has often been observed in similar situations. Interestingly, this defect is more marked at lower temperature (20°C) and, consistently, growth of the strain is cold-sensitive. Interestingly, no clear defect was seen for cleavage at site A0, which is abolished by depletion of Rrp9 ([@B12]). Additionally, the R289A mutation interferes with the interaction between Rrp9 and Rrp36, and is synthetic lethal with mutations in the U3 snoRNA 5′-terminal region, which by themselves are not highly critical for growth. Mutation of other tested amino acids on the surface of the Rrp9 β-propeller domain generated no marked growth phenotype, neither individually nor in combination. This points to the high importance of the evolutionarily conserved R289 residue of Rrp9. Interestingly, the phenotype found for this Rrp9 R289A mutation is similar to those found for a dominant negative mutation of the Rrp3 helicase and the deletion of the Dhr1 helicase gene, which are both involved in pre-rRNA remodeling prior to early pre-rRNA cleavages ([@B80]). This suggests an involvement of Rrp9 R289A in the SSU-processome structural determinants required for efficient cleavages at sites A1 and A2.

R289 in Rrp9 is important to establish a protein-protein network within the SSU-processome {#SEC4-2}
------------------------------------------------------------------------------------------

The Rrp9 R289 residue is located far from the A1 and A2 cleavage sites and the Utp24 RNase responsible for their cleavages, opening the question for a possible long distance effect through protein-protein interaction ([Supplementary Figure S6](#sup1){ref-type="supplementary-material"}). Accordingly, our Y2H assays and GST-pull down assays revealed an intricate protein network, involving the processome proteins Rrp9, Rrp36, Sgd1, Utp10, Utp20 as well as Rrp5, one of the few proteins involved in both 40S and 60S subunit production ([@B74]). We also demonstrated the direct interaction of Rrp9 with Rrp36 and with Sgd1. While the entire Rrp9 protein is required for direct interaction with the Sgd1 C-terminal domain, the β-propeller domain of Rrp9 was sufficient for direct interaction with the Rrp36 N-terminal domain. Importantly, the Rrp9 R289A mutation decreases the stability of the Rrp9-Rrp36 interaction. Little is known on Rrp36 except that it is required for pre-rRNA cleavage at sites A0--A2 ([@B46]). Of note, while in the Y2H map previously proposed by the Baserga team, Rrp9 gave positive signals with a limited number of processome proteins, Rrp36 gave a positive signal with a larger number of proteins, such as Krr1 required to maintain a critical SSU-processome conformation, or the DEAD-box helicase Dbp4 ([@B76]). In addition, we show here the direct interaction of the Rrp36 C-terminal domain with Rrp5. Therefore, the decreased Rrp9-Rrp36 interaction may play a crucial role in the Rrp9 R289A phenotype.

Mutations at Rrp9 R289 and in U3 segments base-paired with the pre-rRNA are synergistically negative {#SEC4-3}
----------------------------------------------------------------------------------------------------

Formation of both helices V and VI between U3 and the 5′-ETS region of the pre-rRNA is essential at site A0, A1 and A2, likely reflecting key roles in processome assembly ([@B9],[@B10],[@B30],[@B40],[@B44],[@B45]). Base substitutions in the 5′ or the 3′ half of the U3 stem V (U3 V-2 and U3 V-3, respectively, [Supplementary Table S3](#sup1){ref-type="supplementary-material"}) do not impair growth, whereas combination of these mutations with Rrp9 R289A mutation completely abolishes growth at any of the tested temperatures (Figure [6C](#F6){ref-type="fig"}, [Supplementary Table S3](#sup1){ref-type="supplementary-material"}). Similarly, partial substitutions in U3 stem VI (U3 VI-3 and U3 VI-6, Figure [6B](#F6){ref-type="fig"}, [Supplementary Table S3](#sup1){ref-type="supplementary-material"}) do not drastically affect cell growth, while their combination with the Rrp9 R289A mutation is lethal (Figure [6B](#F6){ref-type="fig"}). These data support a role for the protein interaction network including Rrp9 in formation and/or stability of the intermolecular helices V and VI.

In previous models ([@B28],[@B33],[@B34]), helix I was proposed to interact with the 3′ side of the 18S rRNA central pseudoknot. However, in contrast to helices II and III, helix I was neither observed in recent SSU-processome cryo-EM structures ([@B40],[@B44]), nor supported by complementary mutations experiments ([@B29]). Consistent with these findings, U3 I-1 abolishes the possibility of forming helix I but did not result in any clear growth or pre-rRNA processing defects (Figure [8D](#F8){ref-type="fig"}, [Supplementary Table S3](#sup1){ref-type="supplementary-material"}) and its combination with the Rrp9 R289A mutation had almost no effect.

Helix II, formed between U3 (nts 10--16) and a 5′ region of 18S rRNA (nts 14--21), was detected in the cryo-EM structures ([@B40],[@B44]) and supported by compensatory mutations ([@B29]). Substantial base substitutions in the U3 II-1 that were expected to lead to the formation of an alternative helix II and in the U3 II-2 constructs that led to a complete opening of helix II (variant U3 II-2) as demonstrated by DMS modification *in vivo*, did not have a drastic effect on cell growth at 30°C. Nevertheless, the marked thermosensitive phenotype observed for variant U3 II-2 reveals a functional importance of helix II at high growth temperature (Figure [8D](#F8){ref-type="fig"}, [Supplementary Table S3](#sup1){ref-type="supplementary-material"}). In addition, combination of the Rrp9 R289A mutation with U3 II-2 was synthetic lethal at 20 or 37°C and conferred very slow growth at 30°C, consistent with a much stricter requirement for the helix II sequence in the presence of weaker protein interactions.

In the revised interaction model (Figure [1](#F1){ref-type="fig"} bottom), helix III is formed between the 5′ end of U3 and a region located downstream of the 18S rRNA (nts 1111--1123) ([@B40],[@B44]). Notably, this 18S region is brought into proximity with the 5′ end of 18S in the mature 40S subunit, due to formation of the long-range, central pseudoknot. Substitutions in helix III had dramatic effects on cell growth (Figure [8E](#F8){ref-type="fig"}, [Supplementary Table S3](#sup1){ref-type="supplementary-material"}), which correlated with very high phylogenetic conservation of this region (box A'). Cells expressing the U3 III-4 and U3 III-5 variants accumulated the aberrant 22S maturation intermediate cleaved at sites A0 and A3. This indicates a greater inhibition of A1 and A2 cleavage by the Utp24 activity, relative to the (unidentified) endonuclease responsible for A0 cleavage. Notably, Rrp9 R289A which also reduces A1 and A2 cleavages relative to A0 was synthetic lethal with these U3 mutations. Rrp9 R289A was also synthetic lethal with the mutation in the more poorly base-paired, 5′ region of helix III (U3 III-1, Figure [8E](#F8){ref-type="fig"}). This may be explained by the observed lower *in cellulo* levels of U3 variants mutated in the helix III region, presumably linked to some defect in the U3 maturation or stability (Figure [8B](#F8){ref-type="fig"}, [Supplementary Table S3](#sup1){ref-type="supplementary-material"}) ([@B70],[@B83],[@B84]).

The spacing of U3 intermolecular helices is functionally important and their reduction is synthetic lethal with R289A in Rrp9 {#SEC4-4}
-----------------------------------------------------------------------------------------------------------------------------

*In vivo* analysis of U3 snoRNA structure using DMS indicated that disruption of helix II (U3 II-2) or of helix III (U3 III-5) had limited effects on the flanking helices, showing that they can be formed independently (Figure [9](#F9){ref-type="fig"}). We only observed a very slight increase of accessibility of residues 39, 40 and 41 in helix V upon drastic mutation in helix III. However, the spacing between helices emerged as an important feature.

Segment 3 links the U3 regions that base-pair with the 5′-ETS and 18S regions, respectively. Truncation mutations U3 3-1 to U3 3--4 that shortened this distance reduced cell growth and impaired cleavage at sites A1 and A2 (Figure [6](#F6){ref-type="fig"}). Moreover, U3 3-3 and U3 3-4 were synthetic lethal in the presence of the Rrp9 R289A (Figure [6E](#F6){ref-type="fig"}). The importance of the length of U3 spacer sequences was also reported in *Xenopus laevis* ([@B31],[@B32],[@B36],[@B85]). In cryo-EM structures, the SSU-processome 3D structure appears to be highly constraint by some rigid protein-protein interactions, as well as by RNA-protein interactions and the U3/pre-rRNA interaction ([@B40],[@B42],[@B44]). The truncations in segment 3 probably modify the availability of the U3 sequence for base-pair interaction with the pre-rRNA and for interaction with proteins. A highly surprising and interesting observation was made for U3 3-3. A large number of different mutations (\>50) have been reported to create defects in pre-40S maturation. In all previous cases, loss of cleavage at site A1 was accompanied by loss of A2 cleavage. It was therefore quite unexpected that aberrant intermediates cleaved at site A0 and A2 were detected in U3 3-3 strains (Figure [7](#F7){ref-type="fig"}). The mechanism of coupling between A1 and A2 remains unclear, but is clearly influenced by the structure of the U3 snoRNP.

U3 segment 4 links helices V and VI, and deletion of the 5′ section of the spacer in variant U3 4-2, which alters the possibility to extend helix V according to EM data ([@B40],[@B44]) was synthetic lethal with Rrp9 R289A (Figure [6D](#F6){ref-type="fig"}). Interestingly, none of the substitution or deletion mutants in segment 4 had an effect on cell growth in the presence of WT Rrp9 (Figure [6D](#F6){ref-type="fig"}). However, U3 variant 4-2, with a 4 nt deletion at the 5′ terminus of segment 4, was synthetic lethal with the Rrp9 R289A substitution. This indicates that the presence, but not the identity, of the 4 residues proximal to helix V is important for U3 function in pre-rRNA maturation.

Integrating the new data into the cryo-EM processome structure {#SEC4-5}
--------------------------------------------------------------

The large heat domain proteins Utp10 and Utp20 very likely join the 90S complex before the A0 cleavage ([@B86]). Based on the SSU-processome structure ([@B44],[@B87]), the U3 snoRNP is located inside a horseshoe formed by the extended Utp10 protein (Figure [10](#F10){ref-type="fig"}). Utp20 interacts with Utp10 and forms another smaller horseshoe on the opposite side (Figure [10](#F10){ref-type="fig"}). The β-propeller domain of Rrp9 faces the Utp10-Utp20 connection, with residue R289 pointing toward this junction (Figure [10](#F10){ref-type="fig"}). Neither Rrp36 nor Sgd1 were localized in the current 3D structures of processome complexes ([@B24],[@B40],[@B42],[@B87]). Based on our interaction data, we predict the formation of an Rrp9--Rrp36--Sgd1 complex. Inspecting the published structures, there is sufficient space to accommodate Sgd1 and Rrp36 directly bound to Rrp9, between Rrp9 and the Utp10-Utp20 junction (Figure [10](#F10){ref-type="fig"}, [Supplementary Figure S6](#sup1){ref-type="supplementary-material"}). The Rrp5 protein chain is only partially identified in the established structures ([@B40],[@B44],[@B87]) (Figure [10](#F10){ref-type="fig"}). Its length and the fragments already localized, would be consistent with interactions between Rrp5 and Rrp36 associated with Rrp9.

![Putative localization of the Rrp36 and Sgd1 proteins, directly interacting with Rrp9 within the SSU-processome 3D structure ([@B44]). In addition to the U3 snoRNP (Snu13, Nop1, Nop56, Nop58), only the proteins Rrp9, Utp10, Utp20 are represented, together with a small part of Rrp5. Complete representation of all protein structures would otherwise mask the putative localization for the Rrp36 and Sgd1 proteins that we propose ([@B44]). The U3 snoRNA is colored in green, the pre-rRNA in gray.](gkaa066fig10){#F10}

U3 helix V is in close vicinity to proteins Utp7, Utp10, one of the Rrp9 partners, and protein Imp3 of the Mpp10-Imp3-Imp4 complex, stabilized by Utp3, which gave a positive Y2H signal with both Rrp36 and Sgd1 ([@B10],[@B30],[@B63],[@B76]) (Figure [10](#F10){ref-type="fig"}, [Supplementary Figures S6 and S7](#sup1){ref-type="supplementary-material"}). Therefore, intricate connections between both RNA-protein interactions and long-distance protein-protein interactions involving Rrp9 might collaborate in formation and/or stabilization of the base-pair interaction of U3 with the 5′-ETS.

In conclusion, this study highlights the interplay between the protein-protein and RNA-RNA interaction networks required during formation of the SSU-processome and its function in pre-rRNA processing.
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